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PREFACE-

a. The SATRACK Ionospheric Monitor Station facility at APL/JHU
contains two identical X-sets, each of which is capable of tracking the GPS P or
C/A ranging codes. The objective of the study was to examine the characteristics
of single-frequency L1 C/A-code navigation such as a marine user with a low-cost
GPS navigation set might experience. One X-set was assigned to track L1 P-codes
and the other to track L1 C/A codes, simultaneously from the same four
satellites, providing a unique opportunity to compare the ranging performance of
the two codes based on fixed site operations at APL.

b. Ins t of the USCG study, 33 days of data were recorded between
7/29/81 and 12/16/81. The goal of recording extensively with the side-by-side
X-sets was thwarted by a faulty power supply on X-set 2 on 9/15/81. Throughout
the remainder of the data gathering period, the remaining X-set was assigned to
track the P codes and the C/A codes on alternate days. Appendix B contains a
tape log and processing summary.

c. In the study it was found that single-frequency P and C/A-code pseu-
dorange residuals and navigation error results exhibit the same basic characteris-
ties, with the exception of the inherently higher noise level on the C/A-code data
and possible C/A-code multipath interference on an easterly setting satellite
(NAVSTAR 4). The dual-frequency P-code phase delay measurements available
from the X-set were found to provide consistent ionospheric measurements that
appear reasonable in character and value. The ionospheric contribution to position
error was found to be prominent at times when two of the four satellites were at
low elevation angi«. - early or late in the pass. At other times the contribution
appeared to be similar enough on all four signals that it did not substantially
affect the horizontal position error.
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1. BACKGROUND.

a.  Global Positioning System (GPS)

(1) The Globael Positioning System (GPS) consists presently of a
constellation of 6 satellites in 2-orbit planes, each inclined 63° with respect to the
equatorial plane and offset from each other by 120° in longitude. The orbit period
of 11 h 57m $8.3 s (one-half sidereal day) was selected to produce a fixed ground
track for each satellite, causing the earth-fixed subsatellite point to return to a
given point in its ground track about 4 minutes earlier each day.

(2) Of the six satellites in orbit four have clocks suitable for
accurate navigation. Each satellite transmits two signals referred to as the L1
signal with center frequency of 1575.42 MHz and the L2 signal with center
frequency of 1227.6 MHz. The dual frequency signal structure allows
measurement, at the receiver, of ionospheric time delay error.

(3) GPS is a ranging system whereby range is inferred from ranging
code epoch receipt time measurements. Both L1 and L2 si are modulated by
a 10.23 MHz clock raie precision (P) ranging code, used for precise navigation,
which offers substantial jamming immunity and repeats itself once every 7 days.

(4) The L1 signal, in addition, is modulated by a 1.023 MHz clock
rate clear/acquisition (C/A) unginf code, which offers ease of acquisition due to
its one-millisecond period. Acquisition of the C/A code and recovery of a single
full subframe of the satellite navigation message data permit the P code to be
acquired with little or no search.

() The navigation message transmitted by each satellite is a 50-bit
per second data stream common to both the P and C/A signals. It contains precise
satellite sphemerides, system time, satellite clock behavior data, transmitter
status information and C/A-to-P signal handover information. Each satellite also
transmits almanacs containing coarse ephemerides and clock offsets for all satel-
lites in the constellation. The high precision ephemeris allows the user to calcu-
late satellite position at the time of transmission of the signal, one step in

determining the range.

(6) The highly stable atomic frequency standard clocks in the satel-
lites have predictable offsets and drift rates with respect to GPS system time,
which is maintained by the Master Control Station (MCS) by means of a set of
cesium clocks. The MCS monitors the individual satellite clocks daily and
generates clock correction parameters which are transmitted to the satellites
where they are then retransmitted, along with the ephemeris and almanac data, in
the navigation message. These parameters allow the user to determine the
precise magnitudes of satellite clock offsets. The MCS is capable of adjusting the
phase and frequency of each satellite clock to maintain the elock operation within

limits.
(7) A user can measure the time of arrival of the signal and infer a
pseudorange from the measured transit time. Even with precise knowledge of the

transmit time (relative to GPS system time) his measurement of the transit time




will be in error by the offset between his receiver clock and GPS time. A user
with an unknown position and clock offset can solve for his position in three
dimensions and his clock offset by using simultaneous pseudorange measurements
from a minimum of four satellites. A user with a clock synchronized to GPS
system time needing to solve only for his position in three dimensions needs
measurements from only three satellites. Likewise, a user who knows his altitude
(such as sea level) needing to solve only for his clock offset and position in the
tangent plane also requires only three satellites.

(8) The X-set receiver clock was driven in these experiments by a
frequency standard at APL with a known drift rate relative to Coordinated
Universal Time (UTC) as maintained by the U.S. Naval Observatory (USNO). The
difference between UTC and GPS time is measured daily at the USNO by tracking
the satellites with a GPS timing receiver. This difference has two components:
(1) a difference due to drift between UTC and GPS time, and (2) a difference of an
integer number of seconds because UTC introduces discrete leap seconds into its
timekeeping periodically, while GPS, because of the requirement for constant
availability for navigation, does not. In these experiments, the measured
UTC-GPS difference values determined from NAVSTARS 3, 4, 5, and 6 were
generally within 0.1 sec of each other and were in the range 50-60 u sec after
accounting for the 3 leap seconds. This approximate 3-second clock difference
would appear as an error in pseudorange (transit time) common to all satellites
and would not affect user position error in a navigation solution which included
solving for the user clock error.

(9) In our experiments the measured pseudorange data were not used
to navigate a user position and clock offset as a marine user would using an algo-
rithm within the X-set. Instead, because the antenna position is known precisely,
the satellite ephemeris data were used to calculate the theoretical slant range to
the satellite, and the difference between the measured pseudorange and
theoretical range was computed as the pseudorange error or residual.

(20) The magnitude of the user position or navigation error is
determined by the combination of the ranging errors and the geometry of the user
and the satellites being tracked. A measure of the geometric effects is contained
in geometric dilution of precision (GDOP) terms, large values indicating a poor
navigation solution due to unfavorable satellite geometry and causing a
magnification of the ranging error. One of these GDOP parameters, HDOP is of
primary concern to a marine user assumed to have knowledge of his altitude.
HDOP is the dilution of precision in the horizontal plane and is defined
mathematically as:




here cnand 0. are the variances of the estimated user position inthe X and Y
axes due to metry only (Ref. 1). Appendix C contains a more detailed
discussion of P.

(11) The volume containing Ref. 1 is a collection of papers dealing
with many aspects of the Global Positioning System and is a good source of
background material.

b. The APL GPS Monitor Station: The GPS Monitor station at APL ;
. consists of two X-sets, a display station, and a tape recorder as shown in Fig. 1.

(1) X-Sets. Each X-set consists of a receiver capable of simul-
. taneous reception of four satellite signals on independent channels, a data
processor, and a control/display unit.

(a) X-Receiver:

(1) A functional diagram of the receiver portion of the e
X-set is shown in Fig. 2. Its major components are four carrier channels, a code
channel, and a process controller.

(2) Each carrier channel performs detection, carrier
tracking, and data demodulation on the L1 or L2 signal from a single satellite, and
contains & hardware PRN code generator which produces a local code signal to be
correlated with the received signal. Each code generator is capable of generating
all tlrllle unique PRN code sequences for both the P and C/A codes from all the
satellites.

(3) The code channel receives PRN code sequences
generated by each of the four carrier channels, and performs cross-correlation
between the code channel input signal and each locally genented code sequence,
one sequence at a time. When an L1 P code is being tracked in a carrier channel,
the associated L2 signal is assigned to the code channel, and an adjustable delay in ; 3

' the code channel is incremented to match the L2 P code being received. The
amount of delay required to obtain peak correlation is a direct measurement of
the difference in arrival times of the L1 and L2 signals.

" (4)  The process controller is responsible for real time
control of the X-receiver operation. It controls the acquisition and tracking of
carriers and codes, the measurement circuitry, and the hardware clock. It also

. monitors receiver health and status.

(b) Data Processor:

E (1)  The data processor, an HP 2108 computer, controls

, receiver initialization allowing the user to select carriers and codes; receives the
heaith, status, and measurement data for processing; and maintains the software
which performs the navigation solution.

hd
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(2) The output of the data processor consists of User

Field Test Instrumentation (UFTIN) data blocks. A number of data block
providing information about the operation of the X-set, are available from the
processor. The primary blocks of interest in this study contain the pseudorange
measurement data (block 6), the received satellite ephemeris data (blocks 20, 21,
22, 23), and the ionospheric measurement data (block 8).

() Control Display Unit: The Control Display Unit (CDU) is a
CRT terminal connected to the data processor through which a user can control
receiver initialization, set the X-set hardware clock, enter program modifications,
and display certain receiver parameters.

(2) Display Station and Tape Recorder:

() The display station consists of an APL~designed data con-
troller, an HP 2641 CRT terminal, an HP 2108 computer with disk driver, and a
Kennedy 9000-1/9232 9-track tape recorder.

(b) The UFTIN data blocks created by the X-set data processor
are routed directly to the data controller. The controller time multiplexes the
data from the two X-sets and allows the operator to switch-select particular data
blocks for display and/or recording.

(¢) The display station computer contains two programs which
are used for data display and control of the tape recorder. The display program
formats and displays on the screen certain health, status, and measurement words
which indicate what is happening with each channel in an X-set. Figure 3 shows
the information in a screen display during tracking as derived from UFTIN block 6
data. Each channel is assigned to track the same signal; the data are dispayed in
octal format for each channel of the receiver. Detailed descriptions of the
displayed words are contained in Ref. 2. The tape recorder program formats all
data blocks passed by the data controller and passes them to the tape recorder for
processing at a later time via the APL computing facilities.

(3) Operation of the APL X-set Station: Operation of the APL X-set
station requires a number of general steps, summarized as follows: loading the
software and a recent almanac into the data processor, setting the hardware clock
within the X-receiver, initialization of the receiver, selection of satellite
assignments and data rate, and loading and running of the display and recorder

programs.

(a) Load Software and Recent Almanac Into Data Processor:

The software delivered with the X-set (Ref. 2) performs very specific functions;
however, it can be made more flexible by entering program modifcations
(developed by APL) via the X-set control display unit. The original program, for
example, automatically directs all four receiver channels to the same carrier
frequency and code, and makes the satellite assignments based on its own
calculations of GDOPs.
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, (1) A number of modifications were made to the basic
software program to make better use of the versatility of the hardware. The
A-set clock can now be set to within a few microseconds of UTC instead of to one
of the satellite clocks. The automatic search and acquisition programs remain
intact, but the software no longer attempts to solve for user position. The pro-
snm modifications allow the operator to independently select the key parameters

or each receiver channel, namely: code (P or C/A), frequency (L1 or L2), and
satellite (0 through 32).

(2) The receiver must know roughly where a satellite is
before it can acquire the signal because of the large variation possible in the
Dopper effect on the signal. An almanac is transmitted by all satellites and
contains ephemeris data of quality sufficient to allow the receiver to tune for
acquisition of any satellite. To acquire a perticular satellite the almanac must be
obtained from another satellite or from the same satellite at an earlier time. The
almanac is updated internally by a tracking X-set as the satellites transmit a
periodically updated message. A current almanac can be loaded by itself or as
part of the total memory from the receiver onto a cassette tape for storage.
Likewise, a recent almanac or the entire contents of memory can be loaded back
into the X-set from the cassette.

(b) Setting of Hardware Clock Within X-Receiver: The hard-
ware clock within the receiver is driven by a 5 MHz reference oscillator in the
APL Time and Frequency Laboratory (TFL). In early experiments this oscillator
was a cesium standard with a regularly measured drift rate with respect to UTC.
In later experiments the § MHz was derived from a hydrogen maser. The X-set
hardware clock normally runs constantly, but in the event of a power failure or a
problem with the oscillator the clock must be reset. The setting of the clock can
be accomplished in two ways:

(1) The receiver can be directed via the data processor
terminal to set its clock to the clock in the first satellite acquired and tracked.
To a user without knowledge of his initial elock error, such as an isolated marine
user, this would be the normal mode of operating.

(2) The clock can be set via the terminal to a user se-
lected time at the incidence of a synchronization pulse from the TFL. This pulse
is maintained within microseconds of UTC by adjusting its phase to offset the
drift between UTC and the cesium standara in the TFL. This is the normal mode
of operation for the experiments described in this report.

(¢) Initialization of Receiver. The receiver must have certain

parameter values set prior to tracking. The frequency and code to be tracked and
user position must be entered via the terminal. In these experiments each X-set
msnnissigned to track only the L1 C/A code or the L1 P code from all four
satellites.




(d) Selection of Satellite Assignments and Data Rate. The
user car: direct each channel's satellite assignment and the overall receiver data
rate by setting values in key memory locations via the terminal. The process
controller designates to each receiver channel which satellite to acquire and an
estimate of the expected Doppler shift on the signal. When the appropriate code
sequences are synchronized, tracking of both the code sequence timing and carrier
phase takes place.

(e) Loading and Running of Display and Recorder Programs.
The program to display certain data words and to control the tape recorder reside
on disc and must be loaded into the display station computer. The display program
presents on the terminal certain status and measurement words for each carrier
channel of the receiver. The tape recorder program is started when the satellites
are acquired and the data are written on a 9-track magnetic tape via the Kennedy
tape recorder.

2. GPS EXPERIMENTS AT APL.

(a) Objective of Study: A low cost GPS navigation set is of great interest
to marine users. Such a set would likely be based on single frequency L1
C/A-code tracking. The objective of this study is to examine the characteristics
of this simpler mode of navigation. Full dual frequency P-code navigation repre-
sents the best case available in which the user has all available code precision and
can correct the data for measured ionospheric effects. By comparing L1
C/A-code navigation with the optimal dual frequency P-code navigation we hope
to find what sacrifices are to be expected by a single frequency user. Expected
problem areas are: ionospheric refraction effects on L1 and potential C/A-code
measurement error sources not present with the P-code signal (e.g., multipath).
Having two X-sets side-by-side allows the unique opportunity to compare these
two modes of navigation by simultaneously tracking the L1 C/A code on one X-set
and the dual frequency P code on the other.

(b) Experimental Methodology:

(1) The experiments in this study were all based on simultaneous
tracking of four GPS satellites, NAVSTARs 3, 4, 5, and 6, whose orbits had been
chosen to produce fixed ground tracks, providing a pass geometry that is regular *
from day to day. Figure 4 is a sterographic projection, centered at APL, of the
satellite ground tracks for a 4-hour period beginning at 2300 GMT on day 81.233
(year 1981, day 233). The position of the satellites at hourly intervals past .
2300 GMT are marked on the tracks. The outermost ring represents 0° elevation
angle; the others are spaced at 20° intervals. These four satellites are visible at
APL for a 3-1/2 hour daily pass interval; however, the satellites follow these fixed
tracks about 4 minutes earlier each day.

(2) System timing, which is fundamental to ranging measurements, is
diagrammed in Figure S. GPS system time is maintained by the Master Control
Station (MCS) at Vandenberg AFB, California. To provide continuous navigation
capability, GPS time is continuous and no leap seconds are inserted. The MCS
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tracks all_satellites in the constellation and determines the differences between
each of the satellite clocks and GPS time. The clock error, A Tgy . for each

--+-Mjte is modeled as a second order polynomial in time and uploaded to the
appropriate satellite for inclusion in the transmitted satellite message. In
tracking a satellite each X-set records, as part of the satellite message, the clock
error polynomial by which the user corrects the measured transit time of the
signal. The accuracy of using these transmitted clock correction terms
deteriorates as the age of the terms increases; the nominal period of applicability
of these terms has been chosen to be one hour with one-half hour additional
- applicability after the data have changed (Ref. 3).

(3) Coordinated Universal Time (UTC) is maintained by the USNO.
. keriodic leap seconds are inserted in UTC, resulting in a current gross offset of 3
leap seconds between UTC and GPS. The USNO daily measures the difference
between UTC and GPS system time by tracking each of the satellites with a GPS
timing receiver and makes these data available from an observatory data bank.

(4) The clock in the X-set was driven early in this set of experiments
by a cesium clock and later by a hydrogen maser clock, both of which are
maintained by the Time and Frequency Laboratory (TFL) at APL. The maser and
cesium clocks are independent of both UTC and GPS time; however, the TFL
makes routine weekly measurements to determine the relative offset and drift
rate between UTC and the TFL cesium clock. Neither the cesium nor maser elock
at APL is corrected to maintain it close to UTC; however, a one pulse per second
signal derived from the cesium clock is adjusted in phase to offset the measured
TFL-UTC drift rate. This corrected signal is maintained within 1.5u sec of UTC
and is used to set the X-set clock after introducing a delay to account for the
current 3 leap seconds.

(5) Each X-set was assigned in this series of experiments to track
oniy the L1 C/A codes or the L1 P codes in all four of its carrier channels. When
~s « wwuds were tracked in carrier channels, the X-set code channel was assigned
to track the appropriate L2 P code for each satellite, so that the ionospheric
effect could be determined from the L2-L1 differential delay. A data rate of
1 minute was chosen for each X-set, based on the cost and manageability of
downstream processing of the data.

- (6) At the conclusion of a pass, the magnetic tape containing the
X-set data was processed in the McClure Computing Center using A P L language
programs to perform the necessary calculations and generate the plots used to
evaluate the data. Figure 8 is a functional illustration of the processing flow for
the data from one X-set; when a tape contained data from both X-sets, the data
were sorted and processed separately.

(7) The three types of data from each X-set used in these experi-
ments are pseudorange measurements, ephemeris, and L2-L1 P-code differences.
A pseudorange measurement point consists of a measurement time and one pseu-
dorange measurement for each channel. The measurements were corrected,
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during processing, for the satellite clock errors, using the appropriate poly-
nomials. The clock corrected P-code pseudoranges were then corrected for
ionospheric effects by calculating the correction at L1 for each satellite signal, at
a time t, based on the L2-L1 P-code difference data and subtracting the
corrections from the measured pseudoranges. This step was not included in the
C/A-code processing since ionospheric range corrections are not available when
L1 C/A-code signals are tracked, since the L2 signal is not modulated by the C/A
code.

(8) The theoretical ranges to the four satellites at each pseudorange
measurement time are calculated from orbit parameters contained in the ephem-
eris messages received from the satellites. The difference, at a time t;, between
the theoretical range to a satellite and the measured pseudorange, sither correc-
ted or uncorrected for ionosphere, is the ranging error or pseudorange residual.
The four residuals were translated into navigation errors by means of a matrix
ca.lculngio?:, based on the geometry of APL and the four satellites, as described in
Appendix C.

3. EXPERIMENTAL RESULTS.

a. Tracking the Same Signals on Both X-sets: Before comparing the
results of tracking the P code on one X-set and the C/A code on the other, both
sets were assigned to track the same set of signals for the purpose of observing
any inter-receiver differences in measured data. Channels 1, 2, 3, and 4 of each
receiver were assigned to track the L1 P code from NAVSTARS 3, 4, 5, and 6,
respectively, on day 81.233 (year 1981, day 233). The code channel of each re-
ceiver was assigned to track the L2 P codes so that an ionospheric measurement
could be made on each satellite's signal. X-set-to~X-set comparison was made of
pseudorange residuals, ionospheric range corrections, and navigation errors.

(1) Pseudorange Residuals:

(a) The pseudorange residuals produced by X-set 1 are shown in
Fig. 7 and the corresponding residuals from X-set 2 are shown in Fig. 8. The
horizontal axis is time in minutes past a reference time Tf, the hour, in
Greenwhich Mean Time (GMT), preceding the first data point. Tick marks are
shown at 10-minute intervals and accent marks are shown at 1-hour intervals past
T8 The vertical scale is measured minus theoretical pseudorange in microseconds
and was selected automatically by the plotting software. Tick marks are shown at
9-meter (0.03 . sec range equivalent) intervals. The statistical table on each plot
shows, for each satellite, the average, the sigma about the average, the number of
points, and the difference between the two most extreme values plotted.

(b) The data rate was 1 minute for each X-set, but because the
receivers do not take data synchronously, no point-by-point comparison can be
made between the two sets of data. The 25-minute gap in the X-set 2 data is due
to loss of track in one or more of the receiver channels. During the approximately
3 hours of tracking, it can be seen that the gross shapes of the data as a function
of time are the same.




AU g
e S b A W T NI S PO

H ~ {(e) If all parameters in the system are known exactly, the
Ll pseudorange residuals for each satellite should have a zero average value and a
tia. curve over the duration of the pass. The data in Figs. 7 and 8, though, show

average values in the range of -33 L sec to -S54 sec and have nonzero slopes. Most
of the pseudorange bias seen on both X-sets is due to the offset between UTC and
GPS time which was measured by the USNO for day 81.233 to be approximately
-49u sec. A smaller part of this common pseudorange bias is due to accumulated
drift between UTC and the X-set clocks. The two X-set clocks both have the
same drift rate relative to UTC or to GPS due to their common TFL oscillator
source, 80 that if both clocks were sst to UTC at the same time, their common
drift would produce a common offset from UTC and from GPS time.

) (d) A clock error in a receiver is the amount that the receiver
time differs from GPS time. The time of receipt messurements will be in error
and, thus, all pseudorange measurements made by the receiver will be too large or
too small by the amount of the clock error. In a navigation solution which in-
cludes solving for the user elock error, though, the magnitude of this elock error
does not affect the horizontal position esror.

(e) If only one of the X-set clocks is reset to UTC, time as
' messured in sach clock will be different. This difference will be due to the drift
that has occurred in the TFL oscillator between the times that the two X-set
clocks were set to UTC, and will be a source of pseudorange bias between
receivers. If the two receivers track the same set of signals, with all conditions
equal except for different receiver clock errors, the position errors resulting from
their measured pseudoranges will not reflect the difference in clock errors.

(f) The residual data from both X-sets also show (Pigs. 7 and 8)
a common monotonic decrease in value with time over the entire pass for
NAVSTARS S and 6, and out to approximately 120 minutes past T8 for NAVSTARS
3 and 4, at which time they are reaching lower elevation angles and e
effects appear to dominate their respective measured pseudoranges causing the
typical upward "tail” in the residual data. Ionospheric and clock drift effects are
probable causes for the slopes of the residual curves. lfonospheric and tropospheric
effects are discussed further in following sections.

. () The major difference in the data from the two X-sets is the
large offset in the X-set 1 data separating channels 1 and 3 from channels 2 and 4
as seen in Fig. 7. We have observed, on occasion, an inter-channel offset within

. an X-set that appeared to remain constant over the duration of a pass, but not
from day to day. When observed in P-code data the exact value of the offset was
not apparent. Offsets observed in C/A-code data, however, appeared to be a
multiple of the 1 msec code length. In both cases, such an offset appeared to be
related to an unpredictable internal timing error in one or more X-set channels.

(h) An estimate of the value of the interchannel bias in the
X-set 1 data in Fig. 7 can be obtained by examining for all channels a subset of
the ionospheric-corrected residual data from both X-sets corresponding to high
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elevation angles, where tropospheric effects are minimal. If the large inter-
channel bias observed in X-set 1 was not present, then the average values over the

subset interval, for each channel of the X-set 1 residual data, should all differ by

the same amount from the corresponding average valuaes for each channel of

X-set 2. Figure 9 shows an hour-long period of ionospheric-corrected residual

data from X-set 2 during which all satellites are above 20° in elevation. The
average values for each channel are shown on the plot. The corresponding plot for

X-set 1 is not shown here, but the average values were calculated for comparison

with X-set 2, and for channels tracking the same signal on the two X-sets we see °
the following differences, in microseconds:

3 Channeil Channel2 Channel 3 Channel 4

X-set 1 -54.435 -54.043 -54.442 -54.005
. X-set 2 ~54.298 =53.374 =53.318 -53.359
! Difference - 1.137 - 0.669 - 1.124 - 0.646

(i) From these differences it can be seen that a net inter-

! channel offset of approximately 0.5 u sec existed in X-set 1 between channel pairs
1, 3, and 2, 4.

() An interreceiver offset or clock error does not affect
position error in a navigation solution which includes solving for the user clock
error; however, an interchannel offset does affect the user position. The navi-
gation solution using the X-set 1 data in Fig. 7 is based on residual data containing
an error between pairs of satellites of approximately 150 m (0.5 . sec range equiv-
alent). The effect of the interchannel offset will be seen in comparing the
navigation ecrors from the two receivers.

(k) We have seen that direct comparison of the pseudorange
residuals from X-set 1 and X-set 2 tracking the same signals is limited by biases
between the receivers and biases within a receiver. It is meaningful, though, to
remove biases and compare for a particular satellite, the pseudorange residual
data as measured by each X-set. Figures 10 and 11 illustrate the Channel 1
(NAVSTAR 3) residuals measured by X-set 1 and X-set 2 after subtraction of the *
average value for each set of data so that each plot is centered around 0 usec.

The two sets of data visually show virtually the same shape and noise level. The

spread of the data, as measured by the sigma in the statistical table on each pl ¢, .
is based on a simple average; no attempt was made to perform higher order fitting

on the data. The same results were found in comparing the other channels for

each X-set after removal of the average values.

(2) Iono__s%eric Range Correction: The Channel 1 ionospheric range
corrections at L1 which are shown, for each X-set, in Figs.'12 and 13 -
corresponding to the channel 1 pseudorange residual measurements of Figs. 10 and

‘l 11. The range corrections are plotted to the same vertical scale as the residuails
' so that the noisiness of the correction data over the residual data can be seen.
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This will be discussed in a following section. An X-set-to~-X-set comparison of the
measured range corrections determined from the same signals shows that the
shapes of the two sets of data, the noise levels, and the magnitudes are very
nearly the same except for the corrections for X-set 2 having a slightly higher
average value, even though there is a 25-minute gap in the data. It is possible
that within the hardware of each X-set a small delay differential exists between
the L1 and L2 signals, a delay that is unique to that X-set hardware, so that the
two X-sets tracking the same L1 and L2 signals could measure a different
magnitude of differential delay.

(3) Navigation Errors:

(a) The four sets of pseudorange residuals from each X-set can
be corrected for ionospheric effects by subtracting the appropriate L1 range
corrections; they can then be transformed into position or navigation errors.
Figure 14 shows the navigation errors resulting from the ionospheric corrected
X-set 1 pseudorange residuals and Fig. 15 shows the corresponding X-set 2
navigation errors. In comparing these two figures, the dramatic effect of the
X-set 1 interchannel offset is obvious. The errors in latitude (LAT) and longitude

(LONG), and the radial error (RAD aﬁ.xr"’ + LONGZ ) are shown.

(b) The magnitudes of the X-set 2 errors in Fig. 15 are
representative of much of our navigation error data, but most other data have not
been as flat over the duration of the pass. The observed longitude errors have
been generally, over the early and midrange parts of the pass, between -25 m and
0 m, while the latitude errors are between -10 m and +10 m. Since the geometry
repeats unchanged from day to day, the variations in curve shapes and magnitudes
of ionospheric-corrected navigation errors are due to a number of other possible
effects: troposphere, receiver interchannel offsets, clock errors, and ephemeris
errors. No tropospheric corrections were attempted in this study, but observed
effects are discussed in a later section. A gross interchannel offset has been
observed to produce large variations in the navigation error; smaller offsets could
also produce noticeable shape changes in the error curves.

(4) Conclusion: We have seen, in comparing the results of side-by-
side tracking of the same signals, that interchannel biases exist within an X-set
and affect the resulting navigation errors. The observed biases depended on the
code used, but otherwise were unpredictable in magnitude and in the number of
channels affected, and did not remain constant from pass to pass. These biases
prevented comparison between X-sets in an absolute sense, but after removal of
the biases it was meaningful to compare the pseudorange residuals from the same
satellite signal for similarity of shape and noise level. In plotting the residual
data after subtracting the average, we were able to see that the shape and noise
level of residual data for corresponding channels of each X-set were virtually
identical. For data corrupted by biases of known magnitude, such as in some C/A-
code data, the biases could be removed and the results were found to be consistent
with the same signal tracked on other days. In the case of P-code interchannel
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biases of only approximately known magnitude, no attempt was made to remove
ggy biases and, thus, the navigation errors could not be compared with unbiased
ta.

b. Comparison of P and C/A-Code Pseudorange Residuals and Navigation
Errors: The direct comperison of P-code tracking and C/A-code tracking was
accomplished on day 81.230 by assigning each X-set to track the L1 signal from
NAVSTARS 3, 4, 5, and 6, with X-set 1 assigned to track the P code and X-set 2
the C/A code. When both X-sets were operational and it was possible to conduct
side-by-side tracking on the X-sets for comparison of the two codes, the data in
UFTIN block 8, containing the L2-L1 ionospheric delay measurements, were not
recorded, so that simultaneous comparison of C/A and P-code data is possible only
by using uncorrected P-code data.

(1)  Pseudorange Residuals:

(a) The pseudorange residual data for NAVSTAR 4 as tracked
on Channel 2 of each X-set are examined here. Figures 16 and 17 show the pseu-
dorange residuals for the X-set 1 P code and the X-set 2 C/A code, respectively.
The data are plotted on identical scales, and it can be seen that they have vir-
tually the same shape; there are, however, three notable differences between the
two sets of data:

(1) The average value of the Channel 2
C/A-code residual, as shown in the sta-
tistical table in Fig. 17, exhibits a large
offset from the other channels. This is
due to an apparent internal receiver
timing error described esrlier, wherein
a large and unpredictable offset appears
in one or more channels of the re-
ceiver. On this day, Channel 2 of
X-set 2 has an average residual value of
3947.213 u sec, while the other channels
have values of about -53 usee. Noting
that (3947.23 - 4000)usec =
-52.77 usec, which is more in line with
the other channels, it appears that the
internal timing error for this day re-
sulted in an offset of 4 C/A-code per-
iods in the measured data. The 4 msec
offset was subtracted out for plotting
and calculation of navigation errors.

(2) The C/A-code data show a greater de- *

gree of tracking noise than the P-code
data due to the difference in code clock




rates; the clock period defines the chip
length or basic unit of resolution of the |
ranging code. The chip length of the
'C/A code (1/1.023 MHz) is 10 times
greater than that of the P code
(1/10.23 MH2) so that, assuming equal
received power levels, the rms mes-
surement noise of the C/A code should
be on the order of 10 times greater than
. that of the P code. The two sets of
data in Figs. 16 and 17 confirm this; and
this observation was true of the
remaining satellites, although the
shapes were dependent on the particular
satellite.

(3) At the end of the four-satellite pass in-
terval, as NAVSTAR 4 was setting, its
C/A~code data have anomalies not ex-
hibited by the P-code data nor in any
other satellite's data. These anomalies
appear regularly at the same point in

‘ the pass every day, suggesting an effect

_ related to the geometry of NAVSTAR 4

‘ and the APL station. The effect ap-

pears in Fig. 17 as a discontinuity in the

residuals, and it appears that as the sa-

tellite sets possible multipath inter-
ference is occurring. This is discussed

in more detail in Section E.

! (b) It was found that for a single X-set, comparison of resid-
: uals from the same satellite on different days showed that the shape and noise
f level changed very little on a short term day-to-day basis for whichever code was
\ being tracked. This consistency on a single X-set was important when a hardware
i problem left only one operating X-set. It was possible to build a collection of
: many days of useful comparison data by tracking the L1 P codes, then the L1 C/A
- codes on alternate days with the remaining X-set. The Lasic relationship of the
P-code and C/A-~code residuals observed for simultaneous tracking on two X-sets,
was also observed for the single X-set, alternating day method.

| (2) Navigation Errors: The navigation errors resulting from the
simultaneous P and C/A-code pseudorange residuals for day 81.230 are shown in {
| Figs. 18 and 19. As with the residual data, the navigation errors for the two codes
; have the same basic shape and the C/A-code errors reflect the higher noise level
of the C/A-code residuals.
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(3) Conclusion: The P and C/A codes exhibit the same basic be-
havior as shown by comparing the shapes of pseudorange residual data for each
code resuiting from tracking the same satellite. The C/A code has a tracking
noise level that is inherently higier than the P code; this expected noise level
difference can be observed in both pseudorange residual data and the resulting
navigation errors. A geometry-deperident anomaly is observed in the C/A-code
data from NAVSTAR 4, suggesting possible multipath interference.

c. L2-L1 lonospheric Measurements:

(1) The ionospheric delay introduced in the GPS navigation signals

can be estima*ed by measuring the difference in arrival times of the L2 and L1 P

codes from a satellite. At a given time, along a given path through the

ionosphere, the group delay varies inversely as the square of the carrier fre-

; quency. The difference, AT, between the group delays at L2 and L1 is caused by

” l the frequency dependent ionospheric group delays Tgny o TGDLI® The group
! delay at the L1 frequency is related to ATby:

' -1
. f 2
L1
Ll |:sz

so that a measurement of A T provides an estimate of TGD (Ref. 4). The value
of TgpLy obtained from the AT difference measuremenw{s referred to as the
ionospheric range correction at L1. Figure 12 is a plot of the ionospheric range
corrections for NAVSTAR 3 on day 81.233. The differential group-delay
measurements are provided by the data processor at the same measurement times
as the pseodurange data for each channel. A comparison of Figs. 10 and 12
demonstrates a noise level slightly higher on the ionospheric range correction data
than on the L1 P-code residuals resulting from the fact that the differential delay
!, is the difference between two measurements, each of which makes its own con-

tribution to noise. If the L1 and L2 P-code tracking loop noise levels are equal,
then the noise level of the pseudorange residuals after subtraction of the
ionospheric range corrections is 3 ¢ (Ref 3), where ¢ is the rms code loop
measurement noise.

(a) Short Term Behavior:

(1) The effect of ionospheric range corrections is
demonstrated by comparing the errors in Fig. 20, based on uncorrected residuals,
with the errors in Fig. 21, based on ionospheric-corrected residuals. The noise
level is greater in the plot of corrected errors as expected. The magnitude of
] latitudinal errors was reduced during the early and late stages of the pass as a
‘ result of the corrections, but remained unchanged during the middle portion; the




LnY A, T AW ey T A IR g L g -~ remsger e

megnitude.of the longitudinal errors was reduced only near the end of the pass,
and to a lesser degree than the latitudinal errors.

(2) The change in magnitude of the corrected radial
navigation errors is explained by considering the short term behavior of the
ionospheric range corrections for all four satellites. Ionospheriec correction
consists of subtracting the scaled corrections from the appropriate pseudorange
residuals. If the correction values for all satellites are the same at a point in
time, subtracting that common value from each residual does not affect the

’ magnitude of position error. If the correction values are not equal for all signals
the position error magnitudes would reflect the differences in correction values
among the four channels and the geometry at that time.

(3) The errors in Figure 21 are based on peeudorange
residuals corrected with the ionospheric range corrections shown in Figure 22 for
the four satellites. The data indicate different ionospheric effects on the satellite
at the beginning and the end of the pass. Referring to the geometry plot in

" Figure 4, it can be seen that at the beginning of the pass (2300 GMT, 1800 EST),
. NAVSTARs 5 and 6 (with similar high correction values) are rising while
NAVSTARs 3 and 4 are already at high (60°) elevatjon angles. At the end of the

' pass NAVSTARs 5 and 6 are still relatively high (30" and 5og'while NAVSTARs 3
and 4 are setting.

(4) An elevation angle dependence is observed on all four
satellites; greater ionospheric delays correlate with lower elevation angles. This
elevation angle dependence is consistent with the behavior of what is termed the
ionospherie obliquity factor. The time delay along a nonvertical signal path can
be estimated from the vertical delay at a point on the earth directly below the
point where the signal path intersects the mean ionospheric height, taken to be
350 km. The vertical time delay, when multiplied by the obliquity factor, provides
& (an appx;oximation to the satellite-to-user delay. The obliquity factor, OF, is given
Ref. 8) by:

OF = secant (sin~1 [0.948 cos (E)]),
where
E = elevation angle.

(5) This factor varies from a value of 1 at 90° elevation

to 3.14 at 0° elevation. User position errors due to this ionospheric effect are
most significant when satellites, as seen by the users, are at different elevation
angles. A single-frequency marine user might employ a simple elevation-angle
i test to determine when the differ:nce in angles is likely to cause significantly
different ionospheric effects on each signal and affect his position error.

l () Comparing the corrections for NAVSTARs § and 6 as

l they rise at the beginning of the pass with those for NAVSTARs 3 and.4 as the 4
set at the end, it can be seen that at very low elevation angles the magnitude o
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the four measured delays are not equal. This behavior is compatible with the
diurnal east-west gradient induced by the sun. NAVSTARs S and 6 are rising on
this day approximately 6 hours past local noon to the west of APL and their sig-
nals are passing through a more active ionospheric region than the signals from
NAVSTARs 3 and 4, three hours later, as they set to the south and to the east,
respectively.

(7) If all four satellites were at approximately the same
low elevation angle, a user's simple elevation angle test would not indicate iono~
spheric corruption of position, yet horizontal and temporal gradients could cause
signals from different satellites to experience different ionospheric delays, which
would increase a single frequency user's position error.

(b) Long Term Behavior:

(1) The measured ionospheric correction data show, for
each satellite signal, an increasing magnitude over several weeks indicating in-
creased ionospheric activity. Over the period of time for which we have iono-
spheric data the interval of time when all four satellites are visible shifted from
evening to midday. For a given point on its trajectory, each satellite's signal
passed through an ionosphere increasing in solar induced activity each day.

(2) This is demonstrated by comparing the ionospheric
corrections for a single satellite, NAVSTAR 3, on two days (see Figs. 23 and 24),
separated by 68 days. By selecting a fixed point on its trajectory defined by an
elevation angle of 60 degrees and azimuth angle of 230 degrees, as an example, it
can be seen that the correction value increased from approximately 40 nsec (66
minutes past 2300 GMT on day 81.233) to approximately 75 nsec (90 minutes past
1800 GMT on day 81.301). The satellite had come to the same point on its trajec-
tory earlier by approximately 4 hours, 36 minutes (276 minutes).

(3) The ionospheric electron content and, thus, the iono-
spheric contribution to phase delay are directly affected by solar activity. The
period of data collection (August to December 1981) was near the peak of the
present ll-year solar cycle, a peak that was one of the highest on record
(Ref. 7). During periods of lower activity, away from such a peak, the average
level of the ionospheric electron content will be lower and differing ionospheric
effects on each satellite's signal, which affect position error, should be reduced.

(e) Conclusion: The L2-L1 differential delay measurements
from the X-set are consistent and offer apparently valid ionospheric corrections.
The range correction curves exhibit reasonable behavior and have characteristics
which might be explained by known ionospheric effects. A single-frequency
marine user might benefit from using data only during those times when all satel-
lites are high enough in elevation angle to minimize the differing ionospheric
effects due to horizontal gradients and when all satellites are close: enough to-
gether in elevation angle to minimize differing effects due to the elevation angle
dependence of the electron content.
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d. -~Tropospheric Effects in Data:

(1) A signal passing through the troposphere, the atmospheric region
extending to approximately 40 km above the earth's surface, experiences a fre-
quency-independent phase delay due to the variation in refractive index. The
effect has a functional dependence (Ref. 8):

D, = CN(h) cosecant (E) (2)
where C = constant of environmental
conditions,
N(h) = line integral of user to satellite

refractivity function; a function
of user altitude, h.

E = elevation angle of satellite.

(2) If the C and N(h) terms are constant during a pass, the variation
in tropospheric delay is a function of satellite elevation angle only. The pseudo-
' range residual data for NAVSTAR 3 and 4 consistently take on a characteristic
"tail", as the satellites set, and the corresponding navigation errors show the same
effect as seen in Figs. 8 and 15. The cosecant of the NAVSTAR 3 elevation angle
for the same pass on day 81.233 is shown in Fig. 25; the behavior of the residual
data for NAVSTARS 3 and 4 correlates very well near the end of the pass with the
elevation-angle dependence of the tropospheric effect.

(3) Tropospheric effects are well modeled (Ref. 9), and a marine
user could reduce his navigation error when using low elevation angle data by
incorporating a model, if he has available to him information about surface
weather conditions such as temperature, relative humidity, and pressure.

e. C/A Code Multipath:

(1) The question of possible multipath in the C/A code signal arose
due to the consisent anomalies in the NAVSTAR 4 C/A-code residusls as the
satellite sets. It is known that a reflected signal can have a significant amplitude
relative to the directly received signal. Both natural and man-made objects
provide surfaces from which a signal can be reflected and then received (delayed
in phase) simultaneously with the direct signal. Water is especially effective as
such a surface. As NAVSTAR 4 sets almost due east of APL, the signal passes
directly over some likely candidates for multipath reflection surfaces: the upper
Chesapeake Bay, the Delaware Bay, and the Atlantic Ocean.

(2) A multipath signal will behave like noise of power equal to the
direct signal if two conditions exist (Ref. 10):

(a) the receiver is already tracking the direct signal, and




(b) the delay difference, AT, in the reflected signal is greater
than 1.5 code chips (1.5u sec for C/A code, 150 ns for P code).

The behavior of the NAVSTAR 4 residuals shown in Figs. 26 and 27, for days
81.217 and 81.302, is typical. The two sets of data were both taken by X-set 1,
separated by 85 days; yet the "structure" of the residuals as the satellite sets is
virtually identical for the two passes and does not have a noiselike character.

(3) The ground tracks of the satellites are fixed and the earth-fixed
subsatellite point returns to a given point in its ground track about 4 minutes
earlier each day. This means that the tracking geometry is identical from day to
day, but occurs 4 minutes earlier. Figures 28 and 29 demonstrate the exact
geometry of NAVSTAR 4 for the two days.

(4) The structure in the residuals consists of rapid (2-3 minutes)
fluctuations of about 0.1 u sec peak-to-peak magnitude (one-tenth of a C/A chip).
The observed magnitude might have been greater if a data rate faster than 1 min.
were used. The presence of a reflected signal with a differential delay of less
than 1.5 u sec would be within the range of the tracking loop which is, of course,
already tracking the direct signal. A sufficiently powerful multipath signal could
appear as coherent interference, causing the loop to respond to the sum of both
signals until the received power of the reflected signal falls to a noninterfering
level. The most severe effect on the tracking loop will occur when the reflected
signal power is comparable to the direct signal power and the phase delay is large
but within the range of the tracking loop.

(5) As seen in Fig. 27, the structure in the residuals exists from
about 180 minutes past TO until the satellite sets. The time history of the ele-
vation and azimuth angles in Fig. 29 shows that the effect began when
NAVSTAR 4 was approximately 9° in elevation and 80° in azimuth. Consider
whether any of the large bodies of water east of APL could serve as a reflective
surface for a multipath signal. If it is assumed that such a body of water can be
treated as a horizontal, planar reflective surface, then the relationship between
the reflected signal differential delay, A T; satellite elevation angle, 6 ; user
altitude, h; and the speed of light, ¢, is:

AT (2hsin 8 )/e, (3)
and the horizontal distance between the user and the point of reflection is:

D = heot 8. 9

(8) If it is assumed also that the APL X-set antenna height of 100
meters above mean sea level places it at the same height (h = 100m) above one of




the water reflective surfaces considered above, it is possible to calculate both the
theoretical differential delay and the dxstance from APL to the point of reflection
when the effect first appears in the data at 9° in elevation:

Distance, APL to

Elevation Angle Differential Delay Point of Reflection
9° 0.10 usec 0.6 km

(1) The theoretical differential delay of 0.10 L sec at 9° is sufficient,
if the reflected signal is strong enough, to interfere in the operation of the code
tracking loop; however, the distance from APL to the point of reflection on the
hypothetical surface, 0.6 km, is far short of ever the closest large body of water -
the upper Chesapeake Bay, which is at least 40 km to the east.

(8) There are other possible sources of reflected signals to be con-
sidered: vertically oriented surfaces situated roughly on the opposite side of the
X-set antenna from the satellite instead of horizontal surfaces between the an-
tenna and the satellite. A signal reflected back onto the antenna from behind
with power nearly equal to that of the direct signal and a phase delay of, say,
1usec (300m path difference) is capable of causing the tracking loop to sense a
shift of up to 0.5 sec in phase. Given the many structures in the APL facility, it
is possible that one of these relatively large buildings or towers is the source of a
reflected signal causing the observed affect on the C/A residual.

(9) Consider the case of a marine user with an antenna altitude of
15m, as an example. The maximum differential delay that can appear on a signel
reflected from the surrounding water will occur when a satellite is directly over-
head (sin 90° = 1), and the reflected signal path will be greater than the direct
path by twice the antenna height or 30m, producing a differential delay of
0.1 usec which is within range of the C/A code tracking loop. The differential
delay decreases, as in Equation 3 above, as the sine of the elevation angle, so that
any C/A-code multipath effects that a marine user might experience are likely to
be most severe under conditions of calm seas and high elevation angle satellites.

(10) Coneclusion: Geometry-dependent anomalies are observed in the
C/A-code residuals from NAVSTAR 4 and multipath interference from a nearby
structure is suspected. Any C/A-code multipath effects experienced by a marine
user are likely to be most severe under conditions of calm seas and high satellite
elevation angles.

4. CONCLUSIONS:

a. It was found that the P-code data uncorrected for ionosphere and the
C/A-code data exhibit, as expected, the same basic characteristics with two
exceptions:

(1) The C/A-code residual data are on the order of 10 times noisier
than the P-code residual data. This is due to the factor of 10 difference between
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the 1u sec C/A-code chip length and the 100 ns P-code chip length. The noise
level carries over into the navigation error domain, where just as with the resid-
uals, the navigation errors of the P code exhibit the same basic behavior as the
C/A-code errors.

(2) The C/A-code residual data for NAVSTAR 4 exhibit an anomaly
as the satellite begins to set. At an elevation uﬂe of about 9° the data indicate
that the tracking loop detects an interfering signal. The anomaly occurs in all the
NAVSTAR 4 data that we have processed and appears to be geometry related.
Without pursuing the problem in detail, we considered the most likely cause to be
multipath, probably related to one of the large bodies of water to the east since
the satellite sets due east of APL. Some simple calculations indicated that water
related multipath was not probable; the most likely solution given the magnitude
of the anomaly in the data, is reflections from a structure or structures in the
APL Facility. Path differences of 30m. or more could result from r>flections off
nearby buildings or towers. An L1 C/A-code-only marine user, with an antenna
height of 15m., as an example, could experience similar effects from
water-reflected signals originating from a high-elevation angle satellite. The
differential delay for such a reflected signal would be on the order of 1/10
C/A-code chip, which is within the coherent interference range of the tracking
loop.

b. The dual frequency P-code phase-delay measurements available from
the X-sets are found to provide a consistent and reasonable measure of the
ionosphere. In compering the navigation errors of P-code data uncorrected and
corrected for the ionosphere, we find that the ionospheric effect, measured by the
fixed-site APL facility, is most significant during the early and late parts of the
pass when differences in elevation angles of the four satellites are most
pronounced. A single-frequency user could benefit from an elevation-angle test
identifying those parts of a pass most susceptible to elevation-angle dependent
ionsospheric effects.

c. Interchannel biases within a receiver are neither constant nor
predictable, but significantly affect user position error.

d. At low satellite elevation angles, tropospheric effects dominate the
measured ranging data. Tropospheric effects are well modeled and a marine user
could significantly reduce his navigation error when using low elevation angle data
by incorporating a model if he has access to information about surface weather
conditions such as temperature, relative humidity, and pressure.
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APPENDIX B

USCG Tape Log and Processing Summary

Each X-set was assigned to track the L1 signals from the same set of four
satellites, NAVSTARs 3, 4, 5, and 6* at a one minute data rate. Before 10/1/81, a
TFL cesium standard time base was used; on 10/1/81 and after, a TFL hydrogen
maser time base was used.
Code Assignments
' Date X-Set 1 X-Set 2 Processed
07/29/81 (81.210) C/A P Yes
) 08/05/81 (81.217) C/A P Yes
08/06/81 (81.218) - P Yes
08/18/81 (81.230) P C/A Yes
08/20/81 (81.232) P P Yes, 1st tape with
usable jiono data
08/21/81 (81.233) P P Yes
09/01/81 (81.244) P C/A Yes, bad CH2 on X2
09/02/81 (81.245) P C/A Yes, bad CH2 on X2
09/15/81 (81.258) P Bad Power Yes, old ephemeris
Supply
10/01/81 (81.274) P - Yes
10/02/81 (81.275) P - No
1/12,81 (81.286) P - Yes :
10/22/82 (81.295) P - Yes
10/23/81 (81.296) P - Yes
10/27/81 (81.300) P - No b
. 10/28/81 (81.301) P - Yes :
10/29/81 (81.302) C/A - Yes
10/30/81 (81.303) P - No
‘ 11/03/81 (81.307) C/A - No
11/04/81 (81.308) P - ~ No '
11/05/81 (81.309) C/A - No
X
. FOn days 81.213 and 81.232, NAVSTAR 4 was tracked on all channels.
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Date

11/19/81 (81.323)
11/20/81 (81.324)
11/23/81 (81.327)
11/24/81 (81.328)
11/25/81 (81.329)
12/3/81 (81.337)
12/4/81 (81.338)
12/7/81 (81.341)
12/8/81 (81.342)
12/10/81 (81.344)
12/11/81 (81.345)
12/16/81 (81.350)

X-Set 1

Code Assignments

P
C/A
C/A

4
C/A
C/A

| 4

P
C/A

C/A

X-Set 2

No
No
No
No
No
No
No
No
No
No
No
No

Processed




APPENDIX C

As described by Milliken and Zoller (Ref. 1) the GPS navigation solution can
be implemented by using vectors and matrix algebra. A least squares solution for :
the relationship between satellite ranging errors and the user position and clock
errors is given by the equation

X, = lG.‘l;Guqu:R )

where T
. xu = ‘ xuo yﬂ’ z v’ ~ct ’ . (c2)

'xu, Yy 2y three components of user position,
-ct, range equivalent of clock error,

G = T

u (eu, €90 &;g» 1) unit line of sight

vector from receiver to satellite i,
with e;; direction cosines,

n = number of satellites.

i=

hae Biar Bov |
S DD e

I'n

R = |R,RyRy.RyT,

R, =  estimate of error in range of
satellite i.

Under the assumption that the ranging errors are random, uncorrelated, and
have the same variance, the covariance matrix of the error, » in the estimate

of X, is Cov(sX)) = (GEGu)'l. The disgonal elements are the variance of the
- estimated user position in each axis and in clock error: '

{ 2 2 2
: Oxx' Oyy' T2z’ Ttr

The factors which multiply the range uncertainties to get the position and
clock uncertainties are referred to as Geometric Dilution of Precision (GDOP)
parameters. These are: :
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dilution of precision in
position in 3-dimensional
space

PDOP
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2 2 uti
HDOP = + dilution of precision in
Txx Oy 7 position in a plane.

VDOP dilution of precision in
position vertical to the

plane of HDOP.

"
Q

TDOP

Oup » dilution of precision in
time (clock error).

Each term when multiplied by the 1 o user-to-satellite range error provides
the corresponding 10 error in position or time. Large values of GDOP parameters
indicate & poor navigation solution due to unfavorable satellite. geometry and
cause a magnification of the ranging errors. Note that the coordinate system has
not been specified. If we choose the X axis to be East, the Y axis North, and the
Z axis local vertical, the position errors then become errors in longitude, latitude,
and altitude.

In general a user will not have a precise estimate of his location nor of his
clock error. To solve for these four unknowns he must have ranging data from
four satellites. The navigation solution provides him with an estimate of the four
- J¥0S, but the error of these estimates depends partly on the geometry of the
satellites viewed and the user. The behavior of HDOP for a user situated at APL
and solving for all four unknowns is shown calculated in 10~-minute intervals in
Fig. 30.

Let this same user assume that his vertical position error is zero so that
there is no need to solve for it in equation (C1). The term 2, is removed from X,
which means that the e;3 terms are removed from G,. In this case, there is no
VDOP term and the in}ormation in the measurement data is used to estimate
three variables instead of four. By still using measurements from four satellites
the redundant measurement will act to improve the accuracy of the solution, and
the HDiOP term is expected to be smaller than when vertical position was part of
the estimate.

Figure 31 shows the behavior of HDOP for this case and it can be seen that
there is a substantial reduction in the magnitude of HDOP, especially during the
last half of the pass. It is clear that if a user can justify assuming a zero vertical
position error then he will reduce the geometric amplification of his ranging
errors,







